The salt-induced aggregation of the light-harvesting complex (LHC) II isolated from spinach and its correlation with fluorescence quenching of chlorophyll a is reported. Two transitions with distinctly different properties were observed. One transition related to saltinduced fluorescence quenching takes place at low salt concentration and is dependent both on temperature and detergent concentration. This transition seems to be related to a change in the lateral microorganization of LHCII. The second transition occurs at higher salt concentration and involves aggregation. It is independent of temperature and of detergent at sub-cmc concentrations. During the latter transition the small LHCII sheets (approximately 100 nm in diameter) are stacked to form larger aggregates of approximately 3 Am diameter. Based on the comparison between the physical properties of the transition and theoretical models, direct and specific binding of cations can practically be ruled out as driving force for the aggregation. It seems that in vitro aggregation of LHCII is caused by a complex mixture of different effects such as dielectric and electrostatic properties of the solution and surface charges. D
Introduction
The photosynthetic energy conversion in higher plants is associated with the thylakoid membrane system inside chloroplasts. The membrane has no homogenous structure, but is subdivided into two domains: the strictly stacked grana thylakoids and the unstacked stroma lamellae. The protein composition is different in these domains. Photosystem (PS) II and the light-harvesting complex (LHC) II are predominantly found in the stacked grana regions. PSI, LHCI and the ATPase are found in the unstacked regions. Currently it is assumed that the cytochrome bf complex is distributed evenly. The essential function of the LHCs is to enlarge the absorption cross section of the photosystems, since otherwise most of the light arriving at the leaves would be lost for photosynthesis. The LHCs are optimized by evolution to realize a high local chlorophyll concentration without producing energy-dissipating states. The tendency of chlorophyll a to form such states was demonstrated by dissolving this pigment in ether [1] . It was found that chlorophyll a fluorescence in ether is quenched completely at 0.3 M, which is the concentration within the LHCII complex [2] . This finding shows that, without exact positioning of the chlorophylls by the apoprotein, the absorbed light energy is converted completely to heat and thus unusable for photosynthesis.
Besides the intramolecular organization of pigments, also the intermolecular packing of the LHCs in the thylakoid membrane has to be optimized. This is especially true for the grana-hosted LHCII, which has a strong tendency for aggregation in vitro (e.g. Refs. [3, 4] ). Aggregation results in significant energy dissipation, as is obvious from the decrease in the chlorophyll fluorescence yield (see [5] ). In vivo this problem is even worse due to the high protein density in the thylakoid membrane (about 70% area occupation [6] ). LHCII forms stable trimers composed of Lhcb1 and Lhcb2 gene products [7] . These trimers can further aggregate both laterally to sheets in the membrane plane and three-dimensionally to stacks, which grow perpendicularly to the membrane plane. The former leads to a paracrystalline hexagonal alignment. The latter is probably responsible for the formation of the grana stacks [8] . The mechanism by which aggregation of LHCII induces energy dissipation is still unclear. It is assumed that the lateral aggregation of LHCII trimers enables new chlorophyll interactions at the periphery of the complexes, which could serve as a trap for excitation energy [9] . Part of the present study addresses the question of how LHCII aggregation and energy quenching are correlated.
Under non-stressed conditions, the photochemical quantum yield in leaves is very high [10] . Obviously, plants developed strategies to prevent the uncontrolled aggregation of LHCII trimers leading to highly quenching states. Aggregation-related quenching might also become a problem in native membranes, since under some conditions formation of two-dimensional LHCII crystals can be induced in the thylakoid membrane [11, 12] . Possible mechanisms of avoiding the formation of unwanted highly dissipating LHCII 2D-crystals consist of orienting LHCII parallel to each other [13] , having non-LHCII proteins present or providing special lipid-environments. Results presented in this study indicate that the lipid-environment does play a role. Although it is of importance to keep the protein complexes in a sub-maximally packed state, the separation of the pigment complexes should not be too large to ensure an efficient intermolecular energy transfer. It is known that excitons can efficiently migrate over several LHCII trimers prior to their photochemical conversion in the reaction center of PSII (P680) [14] . Altogether, there seems to be a delicately balanced LHCII arrangement in the membrane, ensuring that on one hand, highly quenching states are not populated and, on the other hand, an efficient migration of excitons is still possible.
The flexibility of this balanced arrangement allows for regulatory adjustments. Under stress conditions, under which the energy input by light exceeds the metabolic demand of the cell, protective mechanisms are of utmost importance for the plant, since uncontrolled side-reactions might occur otherwise. Especially, if the lifetime of electronically excited states in the antenna system of PSII is long compared to the photochemical energy conversion, the probability of the formation of excited chlorophyll triplets via intersystem crossing increases. They can react with molecular oxygen and convert it to toxic singlet oxygen. Protective mechanisms are high-energy quenching ( q E ) [9, 15] and the phosphorylation of LHCII [16, 17] , which both result in a reduction of the excitonic pressure on PSII. For both mechanisms a conformationally induced change in the participation of LHCII in the granal protein network is discussed. The q E regulation is induced by lowering the luminal pH value, which could be accompanied by a lateral LHCII-trimer aggregation. This process is strongly stimulated by binding of zeaxanthin, which can be produced from violaxanthin in the xanthophyll cycle [9, 15] . Circular dichroism measurements indicate that, indeed, under these conditions the protein macroorganization is changed [18] . The effect of phosphorylation of LHCII is thought to be due to weakening of intermolecular protein association, which enables LHCII to leave the protein conglomerate of the granum [17] .
These findings support the idea that the spatial organization of LHCII in the thylakoid membrane could play a central role in the functionality and regulation of light utilization. The delicate balance between quenching and non-quenching states is mediated by physiological signals resulting in appropriate tuning of energy input and the demand. In contrast to the importance of 2D and 3D interactions of LHCII in thylakoid membranes, little is known about the mechanisms of LHCII-trimer association. In the literature basically two models are discussed as being responsible for protein interaction in the thylakoid membrane. One is the surface-charge hypothesis, which ascribes the interactions to a balance of electrostatic screening and van der Waals attraction [19, 20] . Predominantly divalent cations are assumed to screen the negative charges on the protein surface. This would minimize the electrostatic repulsion between protein complexes and therefore allow them to approach both laterally in the membrane (sheets) and perpendicularly to the membrane (grana stacks). The second model (the molecular recognition model) emphasizes the importance of complementary surface patterns for protein association [17, 21] . It does not exclude the influence of surface charges on LHCII aggregation. However, the charge is assumed to have primarily an intramolecular effect on the secondary structure of LHCII. In a paper by Stys [22] the predictions of both models are compared to experimental results. As a consequence, Stys postulates a unified hypothesis, which takes into account aspects of both models in the following way. The addition of small amounts of divalent cations to thylakoid membranes leads first to a separation of protein complexes (lateral reorganization) without stack formation. A further increase of the cation concentration results in 3D stacking. Results of the present paper support this idea. According to the Stys model also the lipids play an important role in the aggregation. It is known from other systems that protein -protein interactions in biological membranes can be largely influenced by the surrounding lipids [23] . Electron micrographs of LHCII liposomes show that lipids might be important for the aggregation of LHCII-trimers [24] . In phosphatidylcholine vesicles LHCII forms 2D paracrystalline sheets, which are absent in digalactosyl diacylglycerol vesicles.
To clarify the mechanistic problems we investigated in the present study two aspects of LHCII behaviour: (a) the influence of cation-concentration and temperature on the aggregation and (b) the quenching of chlorophyll a fluorescence in isolated LHCII-trimers at different detergent concentrations. Furthermore, we discuss the interdependence of LHCII aggregation and chlorophyll quenching and studied the energetics of the LHCII aggregation.
Materials and methods

Preparation of the LHCII complex
Spinach (Spinacea oleraceae var. polka) was grown in a hydroculture medium [25] at 13 to 16 jC. The photoperiod was 10 h (300 Amol quanta m À 2 s À 1 ). Leaves of 6-to 8-week-old plants were harvested and homogenized in 1 mM MgCl 2 , 1 mM MnCl 2 , 0.5 mM KH 2 PO 4 , 50 mM KCl, 2 mM ethylenedinitrilo tetraacetic acid (EDTA), 300 mM Sorbitol and 25 mM 2-(morpholino)-ethanesulfonic acid (MES) (pH 6,1 KOH). The homogenate was filtered (nylon gaze with 10-Am mesh) and centrifuged (2000 Â g, 5 min). The pellet was resuspended in the same medium but with 25 mM N-2-hydroxyethylpiperazine-N V -2-ethane-sulfonic acid (HEPES), pH 6.7 and 10 mM KCl, instead of MES buffer, and 40 mM KCl and centrifuged. Intact chloroplasts in the pellet were osmotically shocked by incubating in 10 mM KCl, 5 mM EDTA and 1 mM Tricin (pH 7.8 KOH) for 45 min at 4 jC under gentle stirring. Thylakoids were pelleted by centrifugation (2000 Â g for 7 min). This shock procedure was repeated. The further LHCII isolation was as described in Ref. [26] with minor modifications: The LHCII fraction was separated on a sucrose gradient containing 0.05% (w/v) Triton X-100. This fraction was incubated in 300 mM KCl for 30 min at 4 jC and centrifuged (40,000 Â g, 15 min). The pellet was resuspended in 100 mM KCl and centrifuged. This step was repeated and the pellet resuspended in H 2 O and centrifuged again. The final pellet was dissolved in 0.37% (w/v) Triton X-100 with a chlorophyll concentration of about 2 mM. Chlorophyll content was determined according to Ref. [27] .
HPLC analysis
The pigment content of the LHCII preparation was analysed on a Spherisorb ODS-1 column (Schambeck-SFD, Germany). Pigments were extracted from the aqueous sample by Acetone (final concentration 87% to 100%) and filtered (PFTE filter 0.2 Am). The chromatography run (20 jC) starts with a mixture of acetonitrile/methanol/Tris -HCl (pH 8) (87%:10%:3%) to bind the pigment to the column. Pigments were extracted from the column by a mixture of methanol/ hexane (80%:20%). The flow was 2.0 ml/min. The chromatogram peaks were quantified by integration of the 440-nm trace and comparison to a calibration curve of purified standards of luteine, chlorophyll a, chlorophyll b, neoxanthin and violaxanthin.
Gel electrophoresis
The protein composition of the LHCII preparation was analysed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Protein bands were separated on a 120 Â 100 Â 1 mm 16.5% acrylamide gel at about 50 mA. Protein bands were coloured with Coomassie R250 brilliant blue.
Lipid analysis
Lipid analysis was carried out by 2D thin layer chromatography (TLC) on pre-coated silica gel 60 plates (Merck, Germany). A lipid extract of an aliquot of the LHCII preparation with known chlorophyll content was prepared according to Ref. [6] . An exactly determined volume of this extract was applied at the start position near one corner of the plate. The separation in the first dimension was carried out with a mixture of chloroform/methanol/water (75:25:2.5) and for the second dimension with a mixture of chloroform/methanol/acetic acid/water (80:9:12:2). Lipids and detergents were visualized by incubation in a chamber with iodine vapour overnight. The assignment of particular lipid spots was done by comparison with a published plate [28] . The lipid content of each spot was determined by comparison of the stain intensity with reference lipids applied on the same plate after the 2D run. The plate was scanned and analysed with the software Optimas 6.5.
Spectroscopic measurements
Room temperature absorption spectra were obtained using a Hitachi U3010. The optical band width was 1 nm and the scan speed 300 nm per minute. The LHCII was diluted in 2 mM Tricin (pH 7.8) at a chlorophyll concentration of about 5 AM.
Steady state room temperature fluorescence spectra were recorded with a fluorimeter Fluoromax from Spex Company equipped with a temperature control device (Haake) in a 10 Â 5 mm cuvette. The optical band width for excitation was 3.5 to 4.5 nm, that for emission 1.5 to 2.5 nm. The scan speed was 2 nm/s. LHCII was diluted in 2 mM Tricin (pH 7.8) with different concentrations of Triton X-100 at a chlorophyll concentration of about 6 AM. After each measurement the exact chlorophyll concentration was determined according to Ref. [27] . For the MgCl 2 titration of steady state fluorescence, small amounts of salt were given into the cuvette, mixed and incubated for 2 min. This time was necessary to achieve a constant fluorescence level after salt addition.
Steady state 77 K fluorescence spectra were recorded with SLM Aminco AB2 spectrometer. Samples were frozen (liquid nitrogen) in 1.5-mm inside diameter capillary tubes. Optical band width was 1 nm for emission and 4 nm for excitation at 435 or 475 nm. Emission spectra were recorded with a scan speed of 2 nm/s. The chlorophyll concentration was about 6 AM.
Size of LHCII aggregates
In this work a combination of two methods has been employed to estimate the size of the aggregates of LHCIItrimers. For sizes above 1.2 Am the mean size of the aggregate was determined by particle analysis of chlorophyll a fluorescence images of the samples using the program Optimas 6.5. The fluorescence images were taken through a fluorescence microscope (Leica DMRBE) at 630-fold magnification using a digital camera (12 bit SensiCAM, PCO CCD Imaging). For estimation of aggregate sizes below 1.2 Am the samples were successively filtered using filters of different pore sizes (20, 100, 200, 450 , 800, 1200 nm). By comparison of absorption spectra before and after each filtration step the fraction of aggregates being larger than the pore size, can be determined. In this way upper and lower limits of the mean aggregate size can be estimated. Combining these two methods yields a good estimate of the size of LHCII-trimer aggregates.
Results
Characterization of the LHCII preparation
The chlorophyll a to b ratio of the LHCII preparation determined spectroscopically is 1.41 F 0.01. This value is in good agreement with the binding of seven Chlorophyll a and five chlorophyll b molecules reported for the isolated complex [29] . The further pigment composition was obtained by HPLC analysis. Assuming that 12 Chlorophyll a and b molecules are bound per monomeric LHCII, we determined 1.21 F 0.05 neoxanthin, 0.79 F 0.03 violaxanthin and 1.97 F 0.02 lutein (five determinations each). No other pigments were detected. The overall pigment composition is in accordance with literature values for isolated LHCII [30, 31] .
The analysis of the protein composition of the LHCII preparation by SDS PAGE reveals two bands (not shown). These bands corresponding to molecular masses of about 27 and 26 kDa can be assigned to the Lhcb1 and Lhcb2 gene products [7] . The relative distribution of the Coomassie stain intensity of these bands derived from a scanner analysis is about 70% (27 kDa band) and 30% (26 kDa Band), which is in good agreement with previous results [32] . Assuming a number of 36 chlorophylls per trimeric LHCII complex, the lipid content per trimer in the preparation is 1.6 ( F 0.1) monogalactosyl diacyl glycerol, 1.5 ( F 0.2) digalactosyl diacyl glycerol, 2.0 ( F 0.4) phosphatidyl glycerol (the numbers were determined two or three times and averaged). We could not detect sulfoquinovosyl diacyl glycerol, which is a further component of native thylakoid membranes. This composition is similar to literature values [33] . From the protein to lipid stoichiometry, it can be concluded that the hydrophobic part of LHCII is nearly completely surrounded by detergent molecules.
Both the absorption spectrum at room temperature ( Fig. 1, l. h.s.) and the 77 K fluorescence spectrum (Fig. 1, r. h.s.) exhibit characteristics of isolated LHCII. The absorption bands at 435 and 675 nm arise from the protein-bound chlorophyll a and the bands at 473 and 652 nm from bound chlorophyll b [26, 34] . The 77 K emission spectrum has the typical maximum at 680 nm with a satellite peak at 740 nm [35] .
Characterization of MgCl 2 -induced LHCII-aggregation
In vitro aggregation of LHCII can be induced only if the concentration of the detergent is lower than its critical micelle concentration [36] . For this reason the solution as obtained from the preparation was diluted using detergentfree buffer (2 mM Tricin, pH 7.8) in the experiments on the salt-induced aggregation of LHCII. This dilution results in a decrease of the Triton X-100 concentration from 5.7 mM (LHCII preparation) to approximately 20 AM, which is well below the cmc (between 200 and 900 AM, Calbiochem). Sub-cmc concentration of detergent leads already to the formation of small LHCII aggregates even in the absence of salt [5, 34] . Salt addition induces the formation of large aggregates. The dependency of the mean size of LHCIItrimer aggregates on the logarithm of the MgCl 2 concentra- Fig. 1 . Absorption spectrum at ambient temperature (left) and fluorescence spectrum at 77 K (right) of the LHCII preparation. For the absorption spectrum the preparation is diluted in 2 mM tricin (pH 7.8) given a chlorophyll concentration of 2.3 Amol/l. Slit width is 1 nm, scan speed 300 nm/min. For the fluorescence spectrum the preparation is diluted in 2 mM tricin (pH 7.8) with 0.5 mmol/l Triton X-100 (final chlorophyll concentration about 6 Amol/l) and shock-frozen in liquid nitrogen. The spectrum is the mean of two repetitions. An instrument response spectrum is subtracted. tion is shown in Fig. 2 . In the absence of salt the LHCII aggregates have a mean diameter of 125 F 58 nm (the error limits are given by the difference between pore sizes in consecutive filtration steps, see Methods). Up to 100 AM MgCl 2 , no significant change is observed. A further increase in the concentration of MgCl 2 results in massive aggregation, which is saturated at about 10 mM salt. The mean diameter of the particles is approximately 3 Am under these conditions. The midpoint of the transition is located at 1 mM MgCl 2 .
The local chlorophyll fluorescence intensity observed in the microscope images of the LHCII particles increases at least 20-fold when increasing the MgCl 2 concentration from 0.7 to 30 mM, as shown in the inset in Fig. 2 . This increase is most likely due to stacking of two-dimensional LHCII aggregates. From the increase of the fluorescence intensity the increase in stacking can be estimated to be larger than 20. This estimate should be considered as a lower limit, since with increasing aggregate height the reabsorption of emitted light increases. Thus, in addition to the increase in the area of the single-layer aggregates shown in Fig. 2 , massive stacking is also involved.
An independent, semi-quantitative method for observing the MgCl 2 induced LHCII aggregation is the determination of the fraction of protein that can be pelleted by centrifugation. This fraction corresponds to the fraction of protein being in a higher aggregation state. For this purpose the LHCII samples are centrifuged for 30 min at 21,000 Â g and 18 jC. The resulting data given in Fig. 2 compare very well with the data obtained by filtration and fluorescence microscopy. Based on the experimental conditions the pelleted particles have a size of at least 440 Svedberg units, which is in the order of large viruses.
The aggregation of LHCII-trimers is accompanied by changes of the spectroscopic properties of the bound pigments [5] . Fig. 3 summarizes the changes in the chlorophyll a fluorescence spectra induced by the addition of 30 mM MgCl 2 . At 77 K addition of MgCl 2 causes a distinct increase of the emission band around 700 nm. This band is characteristic for aggregated LHCII trimers, whereas the 680-nm band is due to completely solubilized trimers [35] . Thus the ratio of F700 to F680 can be taken as a measure of the degree of aggregation. The MgCl 2 -induced increase in the ratio from approximately 0.35 to more than 0.8 ( Fig. 3) indicates that large aggregates are formed [3, 37] . It should be noted that before salt is added, the spectrum exhibits already a shoulder at 700 nm (F700/F680 = 0.35), which is missing in the spectrum of the completely solubilized LHCII trimers (F700/F680 = 0.10, see Fig. 1, r.h.s.) . This observation supports the result shown in Fig. 2 that upon reduction of the detergent concentration below the cmc, smaller LHCII-trimer aggregates are formed already in the absence of salt. In contrast to the fluorescence spectra at 77 K, the 700-nm emission band is missing at 293 K (Fig. 3,  r. h.s.). Its strong temperature dependence makes this fluorescence band practically undetectable at temperatures higher than 240 K [37] . At 293 K the MgCl 2 -induced aggregation is reflected by a decrease in quantum yield by 50% without a change in the shape of the spectrum (Fig. 3,  r.h.s.) . A further consequence of MgCl 2 addition is an increase in absorption around 505 and 685 nm and a decrease around 430 and 470 nm (Fig. 4) . It was reported that these changes reflect aggregation of LHCII trimers [36, 38] .
Differential effect of MgCl 2 on chlorophyll a fluorescence quenching and absorption
In Fig. 5 the dependence on MgCl 2 concentration of the stationary chlorophyll a fluorescence quenching (black symbols) and of the absorption change at 685 nm (white symbols) is shown for two different temperatures. The maximum fluorescence is quenched to approximately 50% of that of the control in all measurements (see also Fig. 3 ).
For the further analysis we define the fluorescence quenching parameter q F =( F m À F)/F, where F m is the maximal fluorescence level and F the actual level. The dependence of the two spectroscopic signals on the MgCl 2 concentration differs significantly in two ways. First, the chlorophyll a fluorescence quenching has a markedly lower transition midpoint than the absorption change. The inflection point for fluorescence quenching is found around 250 AM MgCl 2 , while the midpoint of the absorption change is shifted to 1 mM. Second, the transition observed by fluorescence quenching exhibits a marked temperature dependence, which is missing in the absorption experiments. A comparison of the spectroscopic data with the degree of aggregation of the LHCII-trimers (Fig. 5, crosses) clearly shows that the increase in absorption at 685 nm correlates with the aggregation.
To get a first quantitative measure for the energetics of the transitions, the data were analyzed in terms of midpoint concentrations (apparent pK values) and cooperativities (Hill coefficients n). Formally, this corresponds to a simple reaction scheme involving the binding of n magnesium ions to LHCII:
n À LHCII Á the equilibrium constant for this reaction scheme is: The magnesium-free LHCII has a low q F and a low DA 685 (Fig. 5) . The n-fold occupied (Mg n 2 + -LHCII) complex has a high q F and a high DA 685 . If the protein concentration is low enough, the amount of bound ligand can be neglected compared to the total concentration of ligand. Then the fluorescence quenching/absorption signal can be written as
where the first two terms describe the magnesium-dependent fluorescence quenching or absorption signal of the unbound state and b is the deviation of the bound state from this signal, weighted by the fractional population size of the bound sate. This population size is calculated from the pK of ligand dissociation and the concentration of ligand [Mg 2 + ]. The linear dependence of the signal on ligand concentration in Eq. (2) accounts for the slight increase of the signals prior to the transition. The apparent pK value of binding obtained in the fit can be converted to an apparent Gibbs free energy of the transition by the equation:
where R is the gas constant (8.3145 J mol À 1 K À 1 ) and T is the absolute temperature.
From a van't Hoff plot of the experimental apparent pK values ( Table 1 ) transition enthalpies of + 32.7 kJ/mol for the quenching and of approximately zero ( + 0.6 kJ/mol) for the absorption related transition were obtained. This means the transition related to MgCl 2 -induced quenching of chlorophyll a fluorescence is strongly endothermic, whereas transition associated with the absorption changes is practically athermal. In addition to the thermodynamic differences the two transitions exhibit also kinetic differences. At a concentration of 1 mM MgCl 2 fluorescence quenching is finished within seconds. The change in absorption takes approximately 15 min for completion (data not shown). Fast quenching of the fluorescence was described before for isolated LHCII [36] . The transition data shown in Fig. 5 refer to equilibrium, i.e. differences in the kinetics were taken into account.
Influence of Triton X-100 on the MgCl 2 -induced change in light absorption and chlorophyll a fluorescence quenching
The presence of different amounts of detergents is known to change the state of aggregation of LHCII-trimers [34, 39] . Fig. 6 shows the dependence on Triton X-100 concentration of the stationary fluorescence of chlorophyll a at 293 K and of the ratio F700/F680 at 77 K. In this series of experiments the LHCII preparation was incubated in buffers (2 mM Tricin, pH 7.8) containing different amounts of detergent. Therefore, the given Triton concentration is composed of the Triton present in the preparation and the amount added afterwards. Both the decrease of the F700/F680 ratio at 77 K and the increase of the stationary fluorescence at 293 K are indicative of a decrease in the mean size of the aggregates [40] . Both parameters are linearly correlated with the Triton X-100 concentration up to about 500 AM detergent and level off at approximately this concentration. A F700/F680 ratio of 0.1 in the 77 K experiment is characteristic for completely solubilized LHCII trimers (see also Fig. 1 ). At detergent concentrations higher than 500 AM shoulders at 650 and 670 nm are observed in the low temperature emission spectra. Moreover, the maximum of the fluorescence spectra taken at room temperature and the red bands in the absorption spectra are shifted to shorter wavelengths. This indicates the presence of free chlorophylls and shows therefore that the pigment -protein complex is disrupted [34, 41] . For this reason the detergent concentration was adjusted well below 500 AM in all other experiments.
The energetics of the MgCl 2 induced transitions observed by fluorescence quenching and absorption changes as a function of Triton X-100 is shown in Fig. 7 . At each Triton X-100 concentration MgCl 2 titration curves have been determined at three different temperatures to obtain the van't Hoff enthalpy DH 0 for the two different kinds of signals according to the procedure described above. The transition observed by absorption changes is essentially independent on Triton X-100 concentration while the transition observed by fluorescence quenching exhibits a strong dependence on detergent concentration. Inspection of Fig. 6 shows that an increase in detergent concentration from 20 to 120 AM (as in Fig. 7 ) decreases the F700/F680 ratio by about 20%. Assuming that the F700/F680 ratio is a direct measure of the degree of LHCII-trimer aggregation, the size of the aggregates before the transition decreases only slightly. This renders it likely that the strong dependence on the detergent concentration of the chlorophyll a fluorescence quenching can only partially be explained by the change in the level of aggregation. Interestingly, the enthalpy of the fluorescence quenching is large and positive, although typically for binding of a ligand to a protein negative enthalpy changes are observed [42] . Therefore, the unusual behaviour of the enthalpy is probably due to a conformational change coupled to the interaction with the ions or to changes in detergent binding.
Influence of mono-and trivalent cations on the absorption change and the fluorescence quenching
To investigate the influence of mono-and trivalent cations on the fluorescence-and absorption behaviour titration curves have been measured at 20 jC in 2 mM Tricin buffer pH 7.8 with KCl and LaCl 3 without additional detergent. No significant change of the amplitude of the salt-induced chlorophyll a fluorescence quenching was found. The titration curves were fitted using Eq. (2). The resulting parameters are summarized in Table 2 . Both of the transitions observed by fluorescence quenching and absorption change show a clear rank order of increasing sensitivity with increasing cation charge (K + < Mg 2 + < La 3 + ). As in the case of MgCl 2 also, addition of KCl and LaCl 3 leads to two separated transitions, which can be observed by fluorescence and absorption changes. The 30 times higher pK value for KCl induced transition compared to MgCl 2 in the absorption measurement is in agreement with earlier measurements with NaCl [3] .
Discussion
Salt-induced stacking of planar LHCII aggregates
In this study we investigated the salt-induced transition from small (approximately 100-nm diameter) to large (approximately 3 Am) aggregates of trimeric LHCII complexes (Fig. 2) . This transition can be observed spectroscopically via the absorption at 685 nm (Fig. 5) . In vitro LHCII may aggregate to planar two-dimensional sheets (in the membrane plane) or to three-dimensional stacks (perpendicular to the plane of the membrane) (see, e.g. Refs. [3, 4] ). For the latter interaction a 1.5-kDa N-terminal segment is required [8] . The pictures of the fluorescence microscope show that MgCl 2 induces both forms of aggregation. The mean diameter as well as the thickness of the aggregates increase significantly upon addition of salt. In vivo the stacking interaction involves two layers of membrane only, since the LHCII trimers are always in a parallel orientation, i.e. the N termini are all at the stroma side [43] . In vitro, however, the orientation of isolated LHCII in aggregates is random resulting in N-terminus-mediated formation of extended stacks of LHCII layers [4, 13] .
There are indications that the measured energetics of the aggregation reflects 3D stacking. The lack of an effect of Triton X-100 on the transition (Fig. 7, black symbols) is a good indicator for this identity. This conclusion is reasonable because detergent should bind predominantly to hydrophobic protein domains, which become sequestered on LHCII sheet formation. Therefore, Triton X-100 is expected to influence the lateral aggregation, but not the stacking. This interpretation is supported by electron-microscopical investigations on the effect of Triton X-100 on LHCII aggregates [13] . Addition of the detergent to existing multilamellar stacks results in a reduced diameter of Table 2 Influence of mono-, di-and trivalent cations on the pK values and the Hill coefficients (n) determined by chlorophyll a fluorescence quenching and absorption changes at 685 nm pK quenching n quenching pK absorption change n absorption change Fig. 7 . Dependence on Triton X-100 concentration of the pK values and DH 0 for MgCl 2 -induced fluorescence quenching (white symbols) and absorption changes around 685 nm (black symbols). The pK values were derived from curve fitting using Eq. (2) (see Fig. 5 for example) and the DH 0 values were determined from a van't Hoff plot of DG 0 for each Triton X-100 concentration. Note the strong dependence of fluorescence quenching on detergent concentration and the very weak dependence of the absorption change.
the stacks, but not in a reduced height. Previously, also the salt-induced aggregation of LHCII in liposomes composed of native lipid mixtures was investigated [44] . It is worth noting that the apparent pK values for stacking reported in that study for MgSO 4 (approximately 2 mM) and KCl (approximately 50 mM) are in good agreement with the values found in our study (MgCl 2 approximately 1.3 mM, KCl approximately 40 mM). The good correspondence of the pK values is an indication that the 3D stacking of LHCII-trimers is determined predominantly by proteinprotein interactions and not by lipids. It is noteworthy that the lipid content in our preparation is very low (about four lipid molecules per trimer).
Physical models for the salt-dependent aggregation of LHCII
The salt-dependent aggregation of LHCII can be caused in principle by two different physical forces. On the one hand, specific binding of the cosolute to the macromolecule can cause aggregation if the affinity of the ion to the aggregated state is higher than that to the non-aggregated state. Such specific binding of a very limited number of ligands to a macromolecule would yield a sigmoidal transition curve [45] as observed in this work. But the width of the observed transition is far too narrow for a large-scale aggregation [45, 46] and therefore a direct and specific binding can be ruled out as a main effect.
However, on the other hand, the driving force of aggregation of photosynthetic membranes has also been discussed in terms of nonspecific electrostatic interactions [19, 20] . An electrostatic screening of surface charges present on the proteins would reduce repulsion between the proteins and could facilitate aggregation by van der Waals attraction [19, 20] . It is expected that such screening would become more effective as the valency of the cation increases (e.g. K + < Mg 2 + < La 3 + ), which is consistent with the observations reported in this work (Table 2) . Furthermore, the width of the transition (the Hill coefficient in our case) should rapidly increase with cation charge [19] . This is in contrast to our observation that there are only very small changes in the cooperativities of both transitions (Table 2) , which indicates that a surface charge screening cannot be ruled out completely, but might be considered only one of several contributions to the overall effect.
Additionally, there are different activity coefficient-based models for the salt-dependent aggregation of organic molecules (including proteins) in aqueous solution (see, e.g. Ref. [47] ). Debye and McAuley [48] provided a model for the mutual influence of salts and ions in aqueous solution also known as salting out effect [47] . In their model the logarithm of the activity coefficient of the protein is proportional to the ionic strength of the solution. At equal ionic strength the cation concentration of KCl is different from those of LaCl 3 and MgCl 2 by a factor of 6 and 3, respectively. Therefore, the midpoint concentration of the LaCl 3 -or MgCl 2 -induced transition should be lower by a factor of 6 or 3 than that of the KCl-induced transition. This is not the case. Rather the observed ratios are larger by approximately one order of magnitude (Table 3) .
The most classical of those models is the DebyeHückel activity coefficient model according to which the protein could be considered an ion. Equilibrium constants are ratios of activity coefficients and can thus in principle be affected by a shift of the Debye -Hückel activity coefficient with ionic strength. The square root dependence of the activity coefficient on ionic strength expected from the Debye-Hückel theory [49] leads to the expectation that the pK values for the different salts are found at a point, at which the squared ionic strengths are equal. The transitions induced by LaCl 3 and MgCl 2 should be at concentrations that are by a factor of 36 or 9, respectively, smaller than that for KCl. This yields already a much better agreement with the observation than all of the previous models. Interestingly the agreement is even better, if instead of the Debye-Hückel activity coefficient of the protein, that of the salt is considered (Table 3 , activity coefficients taken from Refs. [50 -52] ). It is not obvious why the activity coefficient of the salt may be of direct importance. However, when using it instead of the activity coefficient of the protein, a reasonable prediction of change between Mg 2 + and La 3 + is obtained (expected is a factor of 4.5, observed is a factor of 2.4 to 2.9). Although still outside the expected range, the values are already in the right order of magnitude (Table 3) .
On the basis of all these considerations, we can conclude that the major force operative in LHCII aggregation in vitro is not direct, specific salt binding, but prevention of protein aggregation by electrostatic repulsion that is overcome by addition of salt. In contrast to the direct interaction model, which is completely inconsistent with our observations, the various electrostatic-and activity coefficient models show better agreement with the data but to different degrees. Still the exact mechanism of salt action is unclear. All of the models discussed show some deviation from the observations. The operationally best working model is the simple Debye -Hückel model-especially using salt activity coefficients. It seems therefore that the observed overall effect is 
Chlorophyll a fluorescence quenching and packing of LHCII in small aggregates
In the literature there is a lot of evidence for the close relationship between aggregation of LHCII trimers and chlorophyll a fluorescence (see, e.g. Refs. [53, 54] ). An interesting result of the present study is that the fluorescence quenching observed by us is not correlated with a detectable increase of LHCII aggregation. The quenching related transition takes place at a significantly lower salt concentration than the aggregation (stacking) (Fig. 5, Table 2 ). A different response to the addition of salt of the degree of aggregation and of the fluorescence quenching is also obvious in the kinetic behaviour, the temperature dependence and the sensitivity for Triton X-100 (Fig. 7) . Note that in the absence of salt the LHCII trimers are already organised into small aggregates (mean diameter approximately 100 nm) due to the low detergent concentration. Thus, it seems that the altered fluorescence yield is related to a change in the microorganization within the aggregates of about 100-nm diameter and not to an increase in the degree of aggregation. Indeed, salt-induced changes of the LHCII microorganization were observed previously using electron microscopy [3] . It turned out that in the absence of salt, the LHCII trimers are distributed randomly in the twodimensional aggregates (sheets). Addition of MgCl 2 results in a paracrystalline ordering. Similar MgCl 2 -induced structural changes were deduced from singulett -singulett annihilation measurements with LHCII aggregates [38] . The formation of hexagonal paracrystalline LHCII arrays in the presence of salt is well documented [3, 13] . It seems that the mere presence of LHCII sheets is not sufficient for a chlorophyll a quenching although sheet formation is a prerequisite. This is consistent with the hypothesis that quenching is caused by an increase in lateral packing of LHCII trimers [55] . According to this model, packingdependent hydrophobic contacts generate new chlorophyll -chlorophyll interactions, which favour the dissipation of excitation energy. The strong dependence of chlorophyll a quenching on Triton X-100 concentration (Fig. 7) supports the idea of hydrophobic interactions being involved in the process.
There are two different possibilities why the addition of salt could result in a more dense and ordered LHCII packing. One possibility is that cation induced conformational changes could allow for a modified packing of the proteins. This idea is based on new quenching models, according to which two conformations of the LHCs could occur [9, 15] . One form is assumed to catalyze an efficient excitation transfer, while the other one favours energy dissipation. The conversion into the dissipative form can be induced by different effectors, such as low pH or the presence of zeaxanthin. The region predestined for such a conformational change is the N terminus of LHCII. It was shown that this region undergoes changes in the secondary structure upon phosphorylation [21, 56] . Another possibility would be that the LHCII conformation does not change, but that lateral aggregation is solely due to a screening of exposed negative charges by the addition of cations (electrostatic screening, see previous section). As a consequence, short-range van der Waals forces could become operative in increasing the lateral packing density [19, 20] . Far-UV CD measurements between 190 and 260 nm (data not shown) support the view that conformational changes might be involved in the quenching-related transition. Addition of 1 mM MgCl 2 (in the absence of buffer) leads to decrease of ahelix content from approximately 51% to 44% and an increase of coil structure from 18% to 23%, as calculated from the spectra using the program CDNN [57] . Moreover, since the dependence of the cooperativity of the transition on the cation charge is weak (Table 2) , electrostatic screening of the surface potential seems to be only of minor importance for the fluorescence quenching (see previous section).
Interestingly, we observed a remarkable temperature dependence of the midpoint concentration in the MgCl 2 titrations, which is reflected in a large and positive enthalpy change of + 25 kJ/mol (extrapolated to zero detergent concentration). The positive sign indicates that the quenching is more sensitive to salt at higher temperatures.
Physiological aspects
Electron-microscopical pictures of freeze fractured thylakoid membranes visualize the extremely high density of LCHII in the grana [58, 59] . At a MgCl 2 concentration of 1 to 5 mM in the chloroplast stroma [60] it could be expected (according to Fig. 5 ) that LHCII is in a highly quenching state in the native membrane. In vivo, under unstressed conditions, the quantum yield for photochemistry, however, is very high [10] . Obviously, plants developed strategies to minimize the problem of energy loss in a densely packed membrane that would be predicted from our in vitro data.
One possibility for avoiding energy quenching by LHCII aggregation would be the presence of non-LHCII proteinsespecially PSII-in the grana. This would disturb the largescale interaction between LHCII trimers. In mutants, which hardly contained any PSII, the arrangement of the proteins in the presence of divalent cations was investigated by freeze fracturing [61, 62] . However, in contrast to what would be expected for an energy dissipating state, these mutants did not show any paracrystalline LHCII aggregates. Therefore, it seems that insertion of PSII plays but a minor role in suppression of the formation of dissipating aggregates. Another strategy could be the strictly parallel orientation of the LHCII trimers in the thylakoid membrane [13] . Apparently, in vitro the statistical orientation of LHCII in the sheets strongly promotes formation of two-dimensional crystals [13] . On the other hand, in the plant a massive protective quenching (high energy quenching) can be induced within a few minutes [15] although LHCII is in a highly parallel orientation. Thus, the parallel orientation by itself does not avoid energy dissipation.
Our results suggest that energy quenching by LHCII aggregation could be avoided by a proper lipid environment. Fig. 7 shows (open symbols) that the apparent enthalpy and the pK value of the MgCl 2 induced transition increase markedly with the detergent concentration. This illustrates that the detergent strongly counteracts the salt-induced quenching in vitro. In the native membrane lipids could play this role.
In an extension of prior theories of stacking of thylakoid membranes, Stys [22] developed a model according to which the separation of photosystems in the membrane occurs at a lower concentration of divalent cations than the formation of grana. This model is essentially based on results by Wollmann and Diner [63] . They found that in Chlamydomonas, stacking of thylakoids requires a higher cation concentration than the change in chlorophyll a fluorescence. This finding agrees very well with our results, which show that in vitro stacking of LHCII and chlorophyll a fluorescence quenching occur at salt concentrations, which are significantly separated (Fig. 5, Table 2 ). The pK value of stacking is in agreement with literature values given for thylakoid membranes [64, 65] .
The lack of a temperature dependence of the pK values derived from the absorption studies shows that stacking of LHCII is athermal (Fig. 7) . In view of the probably central role of LHCII in thylakoid stacking, this suggests that also in vivo stacking could be independent of temperature in the range of 6 to 22 jC.
